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Abstract
Recent measurements of the branching fraction for

Ds → ℓν disagree with the Standard Model by around
2σ. In this case the key aspect of the Standard Model is
the calculation of the decay constant, fDs

, with lattice
QCD. This talk surveys the experimental measurements,
and explains how the lattice QCD calculations are done.
Should the discrepancy strengthen again (it was earlier
3.8σ), it would be a signal of new physics. Models that
could explain such an effect are also discussed.

1. Introduction
The decay constant of a meson parametrizes the decay

of the meson to leptons. For a pseudoscalar like the
charmed strange meson Ds, it is defined by the hadronic
matrix elements

〈0|s̄γµγ5c|Ds〉 = ifDs
pµ, (1)

(mc + ms)〈0|s̄γ5c|Ds〉 = −m2
Ds

fDs
. (2)

The Ward identity of the partially conserved axial cur-
rent (PCAC) ensures that the two definitions are iden-
tical. These matrix elements are directly computable
in QCD, via numerical simulations of lattice gauge the-
ory. These calculations are useful: the ratio fπ/fK ,
for example, is used to determine the Cabibbo angle,
tan θC ∝ [B(K → lν)/B(π → lν)]1/2fπ/fK [1].

In the Standard Model, the expression for the branch-
ing ratio is

B(Ds → ℓν) =
mDs

τDs

8π
f2
Ds

(

1 − m2
ℓ

m2
Ds

)2

|GFV ∗

csmℓ|2 ,

(3)
with analogous expressions for leptonic decays of other
pseudoscalar mesons. Here GF is the Fermi constant,
measured in muon decay, and V is the CKM matrix.
Beyond the Standard Model, one replaces

GFV ∗

csmℓ 7→ GFV ∗

csmℓ + Gℓ
Amℓ + Gℓ

P

m2
Ds

mc + ms
, (4)

where Gℓ
A and Gℓ

P are related to couplings and masses of

new interactions in a way analogous to GF = g2/
√

2M2
W .

Amplitudes that proceed through an axial-vector current
(GF and GA) are helicity suppressed, but amplitudes
that proceed through a pseudoscalar current (GP ) are
not. In practice, Ds → µν has a helicity-suppression
factor m2

µ/m2
Ds

= 2.8× 10−3. On the other hand, Ds →
τν is not helicity suppressed but, instead, phase-space
suppressed: (1 − m2

τ/m2
Ds

)2 = 3.4 × 10−2.
The decay constant of the Ds was expected to be an

excellent test of lattice QCD, for several reasons [2]. The
matrix elements in Eqs. (1) and (2) are gold-plated, in
the sense of Ref. [3], namely, only one hadron enters,
and the chiral extrapolation is controlled. Experimen-
tal measurements of |Vcs|fDs

, via Eq. (3), can be com-
bined with the determination of |Vcs| from CKM unitar-
ity. The idea that new physics could compete is usually
discounted, because the decay is Cabibbo-favored and

proceeds at the tree level of the weak interactions. Fi-
nally, the precision of experiments has lagged that of cal-
culations, so the analysis of the numerical lattice-QCD
data is carried out with a relatively blind eye.

The first round of testing seemed to go well. In June
2005, the first lattice-QCD calculation with 2+1 flavors
of sea quarks appeared in a joint work of the Fermilab
Lattice and MILC Collaborations:

fDs
= 249 ± 3 ± 16 MeV Fermilab/MILC [4], (5)

where the first error is statistical and the second system-
atic. This prediction was followed a year later by a com-
parably accurate measurement of B(Ds → µν)/B(Ds →
φπ) that, when combined with an independent measure-
ment of B(Ds → φπ), yielded

fDs
= 283 ± 17 ± 7 ± 14 MeV µν/φπ BaBar [5], (6)

which agrees with Eq. (5) at 1.2σ. Both results are dis-
cussed in more detail below.

But then something unexpected happened. During
2007 the CLEO and Belle Collaborations both pub-
lished absolute measurements of B(Ds → µν) [6, 7],
and CLEO also published absolute measurements of
B(Ds → τν) [6, 8]. Transcribed via Eq. (3) as mea-
surements of the decay constant, these are

fDs
= 264 ± 15 ± 7 MeV µν CLEO [6], (7)

fDs
= 275 ± 16 ± 12 MeV µν Belle [7], (8)

fDs
= 310 ± 25 ± 8 MeV τν CLEO [6], (9)

fDs
= 273 ± 16 ± 8 MeV τν CLEO [8]. (10)

Taking Eqs. (6)–(10) at face value, the weighted average
(combining all errors in quadrature) is [9]

fDs
= 277 ± 9 MeV, (11)

which is 1.5σ higher than the value in Eq. (5). Mean-
while, and more dramatically, the HPQCD Collabora-
tion published a lattice-QCD calculation with an error
significantly smaller than Fermilab/MILC’s:

fDs
= 241 ± 3 MeV HPQCD [10]. (12)

Section 3. explains why the error is so much smaller. The
difference between Eqs. (11) and (12) is 3.8σ. (Omitting
BaBar, as in Ref. [11], the discrepancy becomes 3.4σ.)
It is important to bear in mind—and easy to see from
Eqs. (11) and (12)—that the yardstick for σ is the exper-
imental statistical error. The 2008 edition of the Review
of Particle Physics [11] noted that the discrepancy could
be a sign of physics beyond the Standard Model. Can-
didate models are discussed below.

The rest of this paper brings this saga up to date. Sec-
tion 2. gives a brief survey of the experiments, including
higher-statistics measurements from CLEO, and a (dif-
ferent) extraction of fDs

from BaBar’s measurement of
B(Ds → µν)/B(Ds → φπ) by the Heavy Flavor Averag-
ing Group (HFAG), which have brought the discrepancy
down to 2.3σ. Section 3. discusses recent developments
in lattice-QCD calculations. New physics explanations
are in Sec. 4. The main issues are summarized in Sec. 5.
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2. Measurements
Observations of Ds → ℓν date back to 1993 in fixed-

target experiments and e+e− collisions [12, 13, 14, 15,
16, 17, 18, 19, 20]. These early measurements are omit-
ted from (the current) Particle Data Group (PDG) and
HFAG averages and are also omitted from this discus-
sion. In 2006, the PDG [21] included a correlated av-
erage of Refs. [16, 17, 18, 19, 20], which increase the
discrepancy, as discussed below, by 0.3–0.4σ.

2.1. CLEO µν and τν

CLEO produces DsD
(∗)
s pairs in e+e− collisions just

above threshold, as in a 1994 observation by the BES
Collaboration [14]. The multiplicity is low, so the whole
event can be reconstructed, and the neutrino is “de-
tected” by requiring the missing mass-squared to be con-
sistent with 0. Radiative events with photon energy
greater than 300 MeV are rejected. Although this cut is
imposed for other reasons, it usefully removes radiative
events without helicity suppression.

In Ds → τν, the τ decays in the detector, and the de-
tails of the analyses depend on the τ -decay mode. CLEO
first observed events in which τ → πν as a background
to the Ds → µν analysis, but then turned these events
into a measurement. A separate analysis chain counts
Ds → τν events in which τ → eνν. With 2 or 3 neu-
trinos in the final state, the constraint on missing mass-
squared is no longer pertinent. These analyses also reject
events with photons, but this is a matter of τ detection.
In the Ds rest frame, the τ acquires only 9.3 MeV of
kinetic energy, so radiative events are not an issue.

In January 2009, CLEO published analyses with their
full data-set, reporting

fDs
= 257.3± 10.3 ± 3.9 MeV µν [22], (13)

fDs
= 278.7± 17.1 ± 3.8 MeV τν, τ → πν [22], (14)

fDs
= 252.5± 11.1 ± 5.2 MeV τν, τ → eνν [23], (15)

which supersede Eq. (7), (9) and (10), respectively. After
Physics in Collision 2009, CLEO made public an analysis
of a third Ds → τν decay chain, τ → ρν, yielding

fDs
= 257.8± 13.3 ± 5.2 MeV τν, τ → ρν [24]. (16)

A novelty of this analysis is that it disentangles a mesa-
shaped signal distribution from a peaking background.

2.2. BaBar and Belle µν
BaBar and Belle, following a strategy devised by

CLEO [13, 17], collect a Ds sample from continuum
events under the Υ(4S) by observing the decay D∗

s →
Dsγ. BaBar then counts the relative number of Dsγ →
µνγ and Dsγ → φπγ events, yielding a measurement of
B(Ds → µν)/B(Ds → φπ). A separate measurement
of B(Ds → φπ) is needed to extract fDs

via Eq. (3),
and BaBar used an average of two of its own measure-
ments [25]. Belle improves on the D∗

s → Dsγ technique
by devising a Monte Carlo analysis to guide full recon-
struction of the event. In this way they obtain an abso-
lute measurement of B(Ds → µν).

Measurements of B(Ds → µν)/B(Ds → φπ) are sub-
ject to some ambiguity. The φ decays to KK, but other
processes, such as Ds → f0π → KKπ also contribute.
The two contributions are not completely separable, be-
cause the amplitudes interfere [26].

2.3. CKM; Radiative Corrections

To extract fDs
from the measurements of the branch-

ing ratio, one needs a value of the CKM matrix ele-
ment |Vcd|. In practice, it has been determined from
CKM unitarity, either using a global fit or simply set-
ting |Vcs| = |Vud|. (It makes an insignificant difference.)
With four or more generations, this assumption incor-
rect, but 4- (or more) generation CKM unitarity still
requires |Vcs| ≤ 1. Therefore, an incorrect assumption
about |Vcs| cannot explain why the “measured” value of
fDs

is too high.
Leptonic decays are, of course, subject to radiative

corrections. A class of virtual processes are of special
interest here, namely Ds → D∗

sγ → µνγ, where D∗

s is
a vector or axial-vector meson. The decay D∗

s → µν is
not subject to helicity suppression, so the absence in the
rate of a factor (mµ/mDs

)2 could compensate for the
presence of the factor α ≈ 1/137. The radiative rate is
significant for energetic photons [27, 28]. With CLEO’s
cut rejecting radiative events with Eγ > 300 MeV, how-
ever, Eq. (12) of Ref. [27] shows that these events add
only around 1% to the rate and, thus, cannot be an ex-
planation of the discrepancy.

2.4. HFAG

The experimental collaborations’ differing treatments
of |Vcs| and of radiative corrections are not yet signifi-
gant, so Refs. [9, 11] simply average quoted values of
fDs

. Eventually, however, a uniform treatment will be
necessary, so, with this in mind, the Heavy Flavor Av-
eraging Group (HFAG) [29, 30] has undertaken to av-
erage the model-independent quantities B(Ds → µν),
B(Ds → τν), and B(Ds → µν)/B(Ds → φπ). The av-
eraging is straightforward. When turning to the extrac-
tion of fDs

, however, HFAG noticed an important issue
with BaBar’s determination of fDs

. The definition of the
φ resonance in Ref. [5] is a window of K+K− invariant
mass MK+K− , such that |MK+K− − mφ| < 5.5 MeV.
The normalizing measurements, on the other hand, used
|MK+K− − mφ| < 15 MeV [25]. From the MK+K− dis-
tribution in Ref. [26], it is clear that the difference is
important. Fortunately, CLEO [26] reports B(Ds →
K+K−π) as a function of MK+K− , so HFAG combines
B(Ds → K+K−π) with |MK+K− − mφ| < 5 MeV,
B(φ → K+K−), and BaBar’s B(Ds → µν)/B(Ds →
φπ) to arrive at B(Ds → µν). Interpreting this branch-
ing fraction as fDs

yields

fDs
= 237.3 ± 16.7 ± 1.7 MeV µν/φπ HFAG [30], (17)

which we shall use to supersede Eq. (6). It is 16% or 2.9σ
lower (using the normalization and systematics for σ).

2.5. Synopsis

In summary, the measurements of the branching frac-
tion B(Ds → ℓν) are relatively straightforward counting
experiments. They can be contrasted with, say, searches
for the Higgs boson at hadron colliders [31], in which a
careful and subtle modeling of the QCD background is
essential. Here the background is small and-or measur-
able; the events are clean, or even pristine. As a result,
the dominant experimental error is statistical. It is, of
course, possible that more experiments have fluctuated
up than down.

With the new results, including Eqs. (16) and (17),
the experimental average is now (I find)

fDs
= 257.8± 5.9 MeV, (18)
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or 1.7σ lower than Eq. (11), which is a combination of
1.3σ from CLEO’s new measurements and 1.1σ from
HFAG’s revision of BaBar’s measurement. (My aver-
age without Eq. (16) is 257.8 ± 6.4 MeV, which is close
to HFAG’s more rigorous average of the same inputs,
256.9 ± 6.8 MeV [30].)

3. Lattice QCD
Lattice QCD has made great strides in the past several

years [3, 32], compared to, say, the status at Physics in
Collision 2002 [33]. The key development has been the
inclusion of sea quarks, first with nf = 2 and, then with
nf = 2+1. The latter notation means that one sea quark
has a mass nearly equal to that of the strange quark, and
the other two vary over a range 0.1ms . mq . 0.5ms,
such that chiral perturbation theory can be used to reach
the up- and down-quark masses.

That said, there have been only two calculations of fD
and fDs

with nf = 2 + 1 flavors of sea quarks [4, 10],
one of which dominates the average. Moreover, both use
the same ensembles of lattice gauge fields [32, 34], which
have been generated using “rooted staggered fermions”
for the sea quarks. The rooting procedure leads to some
difficulties [35] that are expected to go away in the con-
tinuum limit [36].

The reason for the rooting is that lattice fermion
fields correspond to more than one species in the con-
tinuum limit [37]. With staggered fermions there are
four species [38]. Sea quarks are represented by a de-
terminant of the (lattice) Dirac operator, so to reduce 4
species to 1, one can make the Ansatz [39]

[

det
4

(stag + m)
]1/4 .

= det
1

(D/ + m), (19)

where the subscript denotes the number of flavors. The
fourth-root can be built into chiral perturbation the-
ory [40]. In fact, in this context the 1

4 can be replaced
by a free parameter, which is then fit. The fit yields
0.28 ± 0.03 [41], in excellent agreement with 1

4 .
The two principle methodological reasons why the er-

ror in Eq. (12) is smaller than in Eq. (5) is that Ref. [10]
treats the charmed quark as a staggered quark [42], us-
ing a pseudoscalar density with an absolute normaliza-
tion via a PCAC relation [43], and enabling an extrap-
olation to the continuum limit. By contrast, Ref. [4]
treats the charmed quark as a heavy quark [44]; the cur-
rent requires a matching factor computed in perturbative
QCD [45], and the discretization effects are (conserva-
tively) estimated with power-counting estimates [46].

To tackle charm on currently available lattices, the
HPQCD Collaboration has developed a highly-improved
staggered quark action (HISQ), first used to study char-
momium [42]. Some of their other results are tabulated
in Table 1. Especially noteworthy here is the value of
fD+ , which agrees with CLEO’s later measurement [47].
Most effects that would bring Eq. (12) into better agree-
ment with the measurements of fDs

would also alter fD+ ,
spoiling its agreement.

For the π, K, and D+ decay constants, both the chiral
and continuum extrapolations are crucial. For the Ds,
however, the valence charmed and strange quarks ensure
a mild chiral extrapolation. The continuum extrapola-
tion turns out to be interesting: reading values for fDs

off of plots in Ref. [10], I have verified the continuum ex-
trapolation and found that the slope in a2 conforms with
expectations of discretization effects of order αsa

2mcΛ.
The relevant portion of HPQCD’s error budget is pre-

sented in Table 2. Most of the row headings are self-
explanatory, except for “scale r1,” which is discussed be-
low. The error budget is nearly complete, in my opinion,

Table 1. Results from Refs. [10, 42] other than fDs
. Experi-

mental quantities are taken from Ref. [11], except for fD+ ,
which is from Ref. [47]. Here ∆q = 2mDq

− mηc
, q = d, s.

Quantity Expt HPQCD units

mJ/ψ − mηc
116.4± 1.2 111 ± 5 MeV

∆d 758.7 755 ± 14 MeV

∆s 956.5 944 ± 12 MeV

∆s/∆d 1.261 ± 0.002 1.252± 0.015

fπ 130.7± 0.4 132 ± 2 MeV

fK 159.8± 0.5 157 ± 2 MeV

fD+ 205.8± 8.9 207 ± 4 MeV

Table 2. Error budget from Ref. [10]. Entries in percent.

Source fDs
fD fDs

/fD

Statistics 0.6 0.7 0.5

Scale r1 1.0 1.4 0.4

Continuum limit 0.5 0.6 0.4

Chiral limit 0.3 0.4 0.2

Adjust ms 0.3 0.3 0.3

Adjust md ⊕ QED 0.0 0.1 0.1

Finite volume 0.1 0.3 0.3

more complete than many error budgets in the lattice-
QCD literature. It does, however, fail to quote an uncer-
tainty for quenching the charmed sea. This is surely a
small effect, of order αs(Λ/mc)

2, but perhaps commen-
surate with the 1

2% errors included in Table 2.
I shall now discuss r1 in several steps, first motivating

why it is used, then giving its definition and its value
circa 2007. Being based on an expanding set of numeri-
cal data, its value has now changed, so I discuss how it
affects charmed-meson decay constants.

Lattice gauge theory has a built-in ultraviolet cutoff—
the lattice itself. The natural output is a dimension-
less number, with physical dimensions balanced by pow-
ers of the lattice spacing a. With a decay constant f ,
one computes af and then must introduce a definition
for a. This is necessary not merely to quote a final result
in MeV, but also to combine calculations at varying a,
which is needed to understand the continuum limit. This
is done by picking some fiducial mass M , and defining
a = (aM)lat/Mexpt. This step eliminates one of the free
parameters of QCD, namely, the bare coupling.

To keep a long story short, no quantity is ideally suited
to play the role of M . A popular choice is 1/r1, defined
via [48, 49]

r2
1F (r1) = 1, (20)

where F (r) is the force between two static sources of
color, distance r apart. The advantages of r1 are that it
is easy to compute in lattice QCD, and that it depends
weakly on sea-quark masses and not at all on valence-
quark masses. Then one can combine data from several
lattices for r1f = (r1/a)(af) in the chiral and continuum
extrapolations. Other choices of M could complicate
these steps.

Of course, r1 is unknown—it cannot be measured in
the lab. It is inferred from the chiral and continuum
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limit of other quantities. Reference [10] used the value

r1 = 0.321 ± 0.005 fm, (21)

based on MILC’s calculations of r1/a [34] and HPQCD’s
own calculations of a(MΥ(2S) − MΥ(1S)) [50]. The 1.6%
uncertainty in r1 translates into a 1.0% uncertainty on
fDs

(c.f. Table 2.), because when r1 varies, the bare va-
lence quark masses inside the Ds do too.

This retuning when r1 changes has been studied by the
Fermilab Lattice and MILC Collaborations (although
not all details are as yet public). Since Ref. [4] was
published, MILC has extended the ensembles to higher
statistics, so Fermilab/MILC’s decay constant analysis
has continued, to reduce the total error. At Lattice
2008 some of the discretization errors were brought un-
der better control, leading to 249 ± 11 MeV [51], with
(serendipitously) the same central value as Eq. (5). Ref-
erences [4, 51] used r1 = 0.318 ± 0.007 fm [52] based on
essentially the same input information as Eq. (21).

Meanwhile, however, evidence has begun to accumu-
late that r1 should be smaller. Focusing on MILC’s latest
analysis of r1fπ [53], one has

r1 = 0.3108± 0.0022 fm. (22)

Retuning the quark masses, this changes fDs
to (prelim-

inary, presented at Lattice 2009)

fDs
= 260 ± 10 MeV Fermilab/MILC [52], (23)

in which 4.2 MeV of the increase stems from the change
in r1, and the rest from other refinements of the analy-
sis [52]. In other words, a shift down of 2.3% in r1 has
led to a shift up of 1.7% in fDs

.
The HPQCD Collaboration has also incorporated the

extensions of the MILC ensembles into its analysis of
r1 [54]. They find

r1 = 0.3133 ± 0.0023 fm, (24)

which is 2.4% lower than the value in Eq. (21). Although
this suggests an increase in fDs

of 3–5 MeV, one should
keep in mind that HPQCD’s calculations of fDs

have
proceeded to yet finer lattices. It seems prudent to wait
for their own update, rather than applying a shift.

Because both Fermilab/MILC and HPQCD use the
same ensembles of lattice gauge fields, it is, or should
be, a high priority to compute fD and fDs

with other
formulations of sea quarks. A promising development
comes from the European Twisted-Mass Collaboration
(ETMC), which has ensembles with nf = 2 over a range
of sea-quark masses and lattice spacings (although not
as extensive as MILC’s with nf = 2 + 1). They find
fDs

= 244 ± 8 MeV [55], where the error stems from a
thorough analysis of all uncertainties except the quench-
ing of the strange quark. It is not easy to estimate this
error reliably enough for averaging. Earlier results with
nf = 2 obtained similar central values [56], or a bit
higher [57], albeit with larger error bars.

It seems reasonable, then, to take as the current best
estimate from lattice QCD, the weighted average of
Eqs. (12) and (23):

fDs
= 242.6 ± 2.9 MeV LQCD 2009, (25)

which is 2.3σ lower than the average of measurements
in Eq. (18). The experimental statistical error continues
to dominate this σ, although if the central value of the
lattice average were to increase by 3–5 MeV, the discrep-
ancy would soften below 2σ.

4. New Physics
The foregoing discussion makes clear that it is desir-

able both for the experiments to improve further in pre-
cision and for the lattice-QCD calculations to be con-
firmed. Given the current status, it is conceivable that
the tension will increase again to the point that it war-
rants broad attention. With that in mind, this section
provides some information on extensions of the Standard
Model.

The decays Ds → ℓν could be mediated by particles
other than the Standard W , either by s-channel an-
nihilation via another charge-+1 particle, by t-channel
exchange of a charge-+ 2

3 particle, or by u-channel ex-

change of a charge-− 1
3 particle. All three kinds of par-

ticle are popular enough in extensions of the Standard
Model to have their own sections in the Review of Par-
ticle Physics [11, 21]. The charge-+1 particle would be
a W ′ or a charged Higgs boson; the fractionally charged
particles are known as leptoquarks. All would have a
mass, presumably, at least as large as MW . Their inter-
actions can be parametrized by the effective Lagrangian

Leff =
√

2Gℓ
A(s̄γµγ5c)(ν̄LγµℓL) +

√
2Gℓ

P (s̄γ5c)(ν̄LℓR)

−
√

2Gℓ
V (s̄γµc)(ν̄LγµℓL) +

√
2Gℓ

S(s̄c)(ν̄LℓR)

+
√

2Gℓ
T (s̄σµνc)(ν̄LσµνℓR), (26)

where Gl
A and Gl

P appear in the leptonic-decay ampli-
tude (4). The other interactions are likely to arise in
non-Standard models, stemming from the chiral quan-
tum numbers of the quarks and leptons. Nonzero Gℓ

V
would interfere with the leading Standard amplitude
of the semileptonic decay D → Kℓν, potentially mak-
ing a significant change in the rate [58]. On the other
hand, nonzero Gℓ

S or Gℓ
T would interfere with helicity-

suppression, being visible only in an asymmetry of D →
Kµν after 107 or more events are recorded [58].

A W ′ alters the (semi)leptonic amplitude via GA
(GV ). Barring a carefully-built (i.e., finely-tuned)
model, this is not a promising scenario [9]. Many pop-
ular charged Higgs models are also unpromising. Ref-
erence [9] presents a charged Higgs model that could
explain an excess of Ds → ℓν events, but it predicts the
same-sized excess in D+ → ℓν. Now, however, this is dis-
favored by the near-perfect agreement the most precise
measurement of fD+ [47] with lattice QCD [4, 10, 52, 55].

Leptoquarks, of several ilks, remain. Even here the
charge-+ 2

3 case is unpromising [9], owing to constraints
from the lepton-flavor violating decays τ → µs̄s, where
s̄s hadronizes to φ or KK. This leaves the most promis-
ing candidate to be an SU(2)-singlet, charged-− 1

3 lep-
toquark. This particle has the quantum numbers of a
scalar down quark d̃, with an R-violating interaction

(κcℓc̄LℓcL − κqℓV
∗

qss̄Lνc
ℓL)d̃ + κ′

cℓ c̄Rℓc
Rd̃ + H.c., (27)

where the superscript “c” denotes charge conjugation,
and κ and κ′ are coupling matrices. (With down squarks,

the d̃ field should take a family index, and κ and κ′ yet
another index.) Exchange of d̃ generates Eq. (26) with

Gℓ
A = Gℓ

V = κ∗

cℓκqlV
∗

qs/4
√

2M2
d̃
, (28)

Gℓ
P = Gℓ

S = κ′∗

cℓκqlV
∗

qs/4
√

2M2
d̃

= 2Gℓ
T . (29)

Generalizations of Eq. (27) appear in non-Standard mod-
els that arise in many contexts [59, 60, 61, 62, 63, 64, 65,
66, 67, 68, 69, 70, 71, 72, 73, 74].
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Fig. 1. Historical development of the fDs
puzzle since June

2005, in years since Ref. [4] was posted at arXiv.org. Cir-
cles denote experimental measurements, from e+e− collisions
at the Υ(4S) in medium grey (orange); from e+e− collisions

at the D
(∗)
s D

(∗)
s threshold in dark grey (red); their weighted

average is the medium grey (orange) dashed line with error
band in light grey (yellow). Squares denote lattice-QCD cal-
culations, with nf = 2 flavors in medium grey (cyan); with
nf = 2 + 1 flavors in black (open symbols for conference re-
ports); the 2 + 1 weighted average is the black dashed line
with error band in grey. The discrepancy σ is shown by the
grey (green) solid line segments, labeled by the vertical axis
on the right. (color online)

The leptoquark possibility been examined in a broader
context including constraints from decays of the D me-
son, kaon, τ lepton, and proton [75]. Reference [75]
claims these constraints make it difficult for the inter-
action (27) to explain an enhancement in both B(Ds →
µν) and B(Ds → τν) at the same time.

5. Summary
The developments of the fDs

puzzle are collected into
Fig. 1., which presents the measurements and calcula-
tions discussed above, and the time dependence of their
respective averages. The time axis starts with the post-
ing of Ref. [4], the first lattice-QCD calculation with
2+1 flavors of sea quarks. The CLEO results of Ref. [6]
(t = 1.8) and of Refs. [22, 23] (t = 3.5) each are averaged
to reduce clutter.

The discrepancy arose mostly with HPQCD’s lattice-
QCD calculation, and partly with the 2007 measure-
ments from Belle and CLEO, rising to 3.8σ. In the past
18 months, the tension in fDs

has fallen to 2.3σ, from

• CLEO’s new measurements of January 2009: −0.8σ;

• Fermilab/MILC’s (preliminary) update for Lattice
2009: −0.13σ;

• HFAG’s reinterpretation of BaBar’s measurement:
−0.67σ.

• CLEO’s new measurement of October 2009: +0.1σ;

The history of the discrepancy’s significance is traced
via the grey (green) piece-wise horizontal line and right
vertical axis in Fig. 1. Now, by the way, if one follows
Ref. [11] and omits the BaBar result (as reinterpreted by
HFAG), the discrepancy is 2.6σ.

The prospects for a resolution of the fDs
puzzle are

good—whether the tension goes away completely or
tightens again. BaBar is measuring the absolute branch-
ing ratio, and Belle plans to update its analysis with
higher statistics. In a few years, BES 3 will measure
Ds → ℓν in threshold production, similarly to CLEO,
with a target uncertainty of 1% [76]. Several lattice-
QCD collaborations now have enough nf = 2+1 ensem-
bles to carry out a useful calculation of fDs

. The MILC
Collaboration has started to generate ensembles with
nf = 2 + 1 + 1 sea quarks with the HISQ action, where
the fourth sea quark is charm. Similarly, the ETMC has
embarked on a project with nf = 2 +1 +1 twisted-mass
Wilson sea quarks. Even if the puzzle dissipates, D and
Ds leptonic decays will be useful for constraining exten-
sions of the Standard Model [75].

Acknowledgments
I would like to thank Christine Davies, Bogdan Do-

brescu, Alan Schwartz, James Simone, Sheldon Stone,
and Ruth Van de Water for fruitful discussions on the
fDs

puzzle. Fermilab is operated by Fermi Research Al-
liance, LLC, under Contract DE-AC02-07CH11359 with
the US Department of Energy.

References
[1] W. J. Marciano, Phys. Rev. Lett. 93 (2004)

231803 [arXiv:hep-ph/0402299]; M. Antonelli et
al. [FlaviaNet Working Group on Kaon Decays],
arXiv:0801.1817 [hep-ph].

[2] R. A. Briere et al., “CLEO-c and CESR-c: A New
Frontier of Weak and Strong Interactions,” CLNS-
01-1742.

[3] C. T. H. Davies et al. [HPQCD, MILC, and Fer-
milab Lattice Collaborations], Phys. Rev. Lett. 92
(2004) 022001 [arXiv:hep-lat/0304004].

[4] C. Aubin et al. [Fermilab Lattice and MILC Col-
laborations], Phys. Rev. Lett. 95 (2005) 122002
[arXiv:hep-lat/0506030].

[5] B. Aubert et al. [BaBar Collaboration], Phys. Rev.
Lett. 98 (2007) 141801 [arXiv:hep-ex/0607094].

[6] T. K. Pedlar et al. [CLEO Collaboration], Phys.
Rev. D 76 (2007) 072002 [arXiv:0704.0437 [hep-ex]];
M. Artuso et al. [CLEO Collaboration], Phys. Rev.
Lett. 99 (2007) 071802 [arXiv:0704.0629 [hep-ex]].

[7] L. Widhalm et al. [Belle Collaboration], Phys. Rev.
Lett. 100 (2008) 241801 [arXiv:0709.1340 [hep-ex]].

[8] K. M. Ecklund et al. [CLEO Collaboration], Phys.
Rev. Lett. 100 (2008) 161801 [arXiv:0712.1175
[hep-ex]].

[9] B. A. Dobrescu and A. S. Kronfeld, Phys. Rev. Lett.
100 (2008) 241802 [arXiv:0803.0512 [hep-ph]].

[10] E. Follana, C. T. H. Davies, G. P. Lepage and
J. Shigemitsu [HPQCD Collaboration], Phys. Rev.
Lett. 100 (2008) 062002 [arXiv:0706.1726 [hep-lat]].

[11] C. Amsler et al. [Particle Data Group], Phys. Lett.
B 667 (2008) 1 [arXiv:0802.1043 [hep-ex]].

[12] S. Aoki et al. [WA75 Collaboration], Prog. Theor.
Phys. 89 (1993) 131.

[13] D. Acosta et al. [CLEO Collaboration], Phys. Rev.
D 49 (1994) 5690.

[14] J. Z. Bai et al. [BES Collaboration], Phys. Rev.
Lett. 74 (1995) 4599.

[15] K. Kodama et al. [Fermilab E653 Collab-
oration], Phys. Lett. B 382 (1996) 299
[arXiv:hep-ex/9606017].

[16] M. Acciarri et al. [L3 Collaboration], Phys. Lett. B
396 (1997) 327.

[17] M. Chadha et al. [CLEO Collaboration], Phys. Rev.
D 58 (1998) 032002 [arXiv:hep-ex/9712014].

http://au.arxiv.org/abs/hep-ph/0402299
http://au.arxiv.org/abs/0801.1817
http://au.arxiv.org/abs/hep-lat/0304004
http://au.arxiv.org/abs/hep-lat/0506030
http://au.arxiv.org/abs/hep-ex/0607094
http://au.arxiv.org/abs/0704.0437
http://au.arxiv.org/abs/0704.0629
http://au.arxiv.org/abs/0709.1340
http://au.arxiv.org/abs/0712.1175
http://au.arxiv.org/abs/0803.0512
http://au.arxiv.org/abs/0706.1726
http://au.arxiv.org/abs/0802.1043
http://au.arxiv.org/abs/hep-ex/9606017
http://au.arxiv.org/abs/hep-ex/9712014


6

[18] Yu. Alexandrov et al. [BEATRICE Collaboration],
Phys. Lett. B 478 (2000) 31.

[19] G. Abbiendi et al. [OPAL Collaboration], Phys.
Lett. B 516 (2001) 236 [arXiv:hep-ex/0103012].

[20] A. Heister et al. [ALEPH Collaboration], Phys.
Lett. B 528 (2002) 1 [arXiv:hep-ex/0201024].

[21] W. M. Yao et al. [Particle Data Group], J. Phys. G
33 (2006) 1.

[22] J. P. Alexander et al. [CLEO Collaboration], Phys.
Rev. D 79 (2009) 052001 [arXiv:0901.1216 [hep-ex]].

[23] P. U. E. Onyisi et al. [CLEO Collaboration], Phys.
Rev. D 79 (2009) 052002 [arXiv:0901.1147 [hep-ex]].

[24] P. Naik et al. [CLEO Collaboration],
arXiv:0910.3602 [hep-ex].

[25] B. Aubert et al. [BaBar Collaboration], Phys. Rev.
D 71 (2005) 091104 [arXiv:hep-ex/0502041]; Phys.
Rev. D 74 (2006) 031103 [arXiv:hep-ex/0605036].

[26] J. Alexander et al. [CLEO Collaboration], Phys.
Rev. Lett. 100 (2008) 161804 [arXiv:0801.0680
[hep-ex]].

[27] G. Burdman, J. T. Goldman and D. Wyler, Phys.
Rev. D 51 (1995) 111 [arXiv:hep-ph/9405425].

[28] C. W. Hwang, Eur. Phys. J. C 46 (2006) 379
[arXiv:hep-ph/0512006].

[29] A. J. Schwartz, proceedings of the Xth Confer-
ence on the Intersections of Particle and Nuclear
Physics (AIP, Melville NY, 2009) [arXiv:0909.4473
[hep-ex]].

[30] Heavy Flavor Averaging Group (HFAG),
http://www.slac.stanford.edu/xorg/hfag/charm/.

[31] K. Peters, these proceedings, arXiv:0911.1469 [hep-
ex].

[32] A. Bazavov et al., arXiv:0903.3598 [hep-lat];
S. Hashimoto, these proceedings.

[33] A. S. Kronfeld, “Progress in Lattice QCD,” in
the proceedings of the XXnd Physics in Collision,
(Stanford CA, 20–22 Jun 2002, eConf C020620)
[arXiv:hep-ph/0209231].

[34] C. W. Bernard et al. [MILC Collaboration], Phys.
Rev. D 64, 054506 (2001) [arXiv:hep-lat/0104002];
C. Aubin et al. [MILC Collaboration], Phys. Rev.
D 70, 094505 (2004) [arXiv:hep-lat/0402030].

[35] See, for example, A. S. Kronfeld, PoS LATTICE
2007 (2007) 016 [arXiv:0711.0699 [hep-lat]] and ref-
erences therein.

[36] Y. Shamir, Phys. Rev. D 71 (2005) 034509
[arXiv:hep-lat/0412014]; C. Bernard, M. Golterman
and Y. Shamir, Phys. Rev. D 73 (2006) 114511
[arXiv:hep-lat/0604017]; Y. Shamir, Phys. Rev. D
75 (2007) 054503 [arXiv:hep-lat/0607007].

[37] H. B. Nielsen and M. Ninomiya, Nucl. Phys. B 185
(1981) 20; (E) 195 (1982) 541.

[38] L. Susskind, Phys. Rev. D 16 (1977) 3031.
[39] H. W. Hamber, E. Marinari, G. Parisi and C. Rebbi,

Phys. Lett. B 124 (1983) 99.
[40] C. Aubin and C. Bernard, Phys. Rev. D 68 (2003)

034014 [arXiv:hep-lat/0304014]; Phys. Rev. D 68
(2003) 074011 [arXiv:hep-lat/0306026].

[41] C. Bernard et al., PoS LATTICE 2007 (2007) 090
[arXiv:0710.1118 [hep-lat]].

[42] E. Follana et al. [HPQCD Collaboration and
UKQCD Collaboration], Phys. Rev. D 75 (2007)
054502 [arXiv:hep-lat/0610092].

[43] J. Smit and J. C. Vink, Nucl. Phys. B 298 (1988)
557.

[44] A. X. El-Khadra, A. S. Kronfeld and
P. B. Mackenzie, Phys. Rev. D 55 (1997) 3933
[arXiv:hep-lat/9604004]; A. S. Kronfeld, Phys.
Rev. D 62 (2000) 014505 [arXiv:hep-lat/0002008].

[45] J. Harada, S. Hashimoto, K. I. Ishikawa, A. S. Kron-

feld, T. Onogi and N. Yamada, Phys. Rev. D
65 (2002) 094513 [arXiv:hep-lat/0112044]; (E)
71 (2005) 019903; A. X. El-Khadra, E. Gámiz,
A. S. Kronfeld and M. A. Nobes, PoS LATTICE
2007 (2007) 242 [arXiv:0710.1437 [hep-lat]].

[46] A. S. Kronfeld, Nucl. Phys. Proc. Suppl. 129 (2004)
46 [arXiv:hep-lat/0310063].

[47] B. I. Eisenstein et al. [CLEO Collaboration], Phys.
Rev. D 78 (2008) 052003 [arXiv:0806.2112 [hep-ex]].

[48] R. Sommer, Nucl. Phys. B 411 (1994) 839
[arXiv:hep-lat/9310022].

[49] C. W. Bernard et al., Phys. Rev. D 62 (2000)
034503 [arXiv:hep-lat/0002028].

[50] A. Gray et al. [HPQCD Collaboration], Phys. Rev.
D 72 (2005) 094507 [arXiv:hep-lat/0507013].

[51] C. Bernard et al. [Fermilab Lattice and MILC
Collaborations], PoS LATTICE 2008 (2008) 278
[arXiv:0904.1895 [hep-lat]].

[52] A. Bazavov et al. [Fermilab Lattice and MILC Col-
laborations], PoS LATTICE 2009 (2009) 249.

[53] A. Bazavov et al. [MILC Collaboration], PoS CD09
(2009) 007 [arXiv:0910.2966 [hep-ph]]; PoS LAT-
TICE 2009 (2009) 079 [arXiv:0910.3618 [hep-lat]].

[54] C. T. H. Davies, E. Follana, I. D. Kendall, G. P.
Lepage and C. McNeile, arXiv:0910.1229 [hep-lat].

[55] B. Blossier et al. [European Twisted-Mass Collab-
oration], JHEP 0907 (2009) 043 [arXiv:0904.0954
[hep-lat]].

[56] C. Bernard et al. [MILC Collaboration], Phys. Rev.
D 66 (2002) 094501 [arXiv:hep-lat/0206016].

[57] A. Ali Khan et al. [CP-PACS Collaboration], Phys.
Rev. D 64 (2001) 034505 [arXiv:hep-lat/0010009].

[58] A. S. Kronfeld, PoS LATTICE 2008 (2008) 282
[arXiv:0812.2030 [hep-lat]].

[59] A. Kundu and S. Nandi, Phys. Rev. D 78 (2008)
015009 [arXiv:0803.1898 [hep-ph]].

[60] B. A. Dobrescu and P. J. Fox, JHEP 0808 (2008)
100 [arXiv:0805.0822 [hep-ph]].

[61] R. Benbrik and C. H. Chen, Phys. Lett. B 672
(2009) 172 [arXiv:0807.2373 [hep-ph]].

[62] P. Dey, A. Kundu, B. Mukhopadhyaya and
S. Nandi, JHEP 0812 (2008) 100 [arXiv:0808.1523
[hep-ph]].

[63] G. W. S. Hou, Eur. Phys. J. C 59 (2009) 521
[arXiv:0808.1932 [hep-ex]].
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